TRP (transient receptor potential) channels comprise a superfamily of non-selective cation channels with at least seven subfamilies. The variety of subfamilies corresponds to the differences in the activation mechanisms and functions. TRPM3 (TRP melastatin 3) and TRPV4 (TRP vanilloid 3) have been characterized as cation channels activated by extracellular hypo-osmoticity. In addition, TRPV4 is activated by metabolites of arachidonic acid as well as α-isomers of phorbol esters known to be ineffective in stimulating proteins of the protein kinase C family. TRPM3 is responsive to sphingosine derivatives. The detection of splice variants with probably different activation mechanisms supports the idea that TRPM3 may have diverse cellular functions depending on the expression of a particular variant. The expression of TRPV4 in many epithelial cell types raised the question of the role of TRPV4 in epithelial physiology. Single-cell experiments as well as approaches using epithelial layers show that multiple cellular responses are triggered by TRPV4 activation and subsequent elevation of intracellular calcium. The TRPV4-induced responses increasing transcellular ion flux as well as paracellular permeability may allow the cells to adjust to changes in extracellular osmolarity. In summary, TRPV4 plays a central role in epithelial homoeostasis by modulating epithelial barrier function.
Introduction
Modulation of resorption and elimination as well as metabolic processes result in changes of ion concentrations responsible for the change of the extracellular osmolarity. Water fluxes following the gradients of ionic concentrations are responsible for the swelling or shrinkage of cells by increases or decreases in intracellular water. The viability of the cells depends on mechanisms that allow a fast adaptation to the extracellular tonicity. By modulation of ion channels and transporters, cells modulate their intracellular ion concentration in order to adapt to the environmental conditions and to facilitate cellular functions [1, 2] . The change in cell volume is accompanied by reorganization of cytoskeleton, involving the structure-forming protein as well as proteins involved in the regulation of cell architecture. Despite the variety of systems described to be involved in volume regulation, such as water, potassium and chloride channels, osmolytes and others, the connections between the different systems are as unclear as the proteins sensing changes in tonicity and the subsequent signalling cascades.
We recently characterized two different TRP (transient receptor potential)-homologous cation channels, TRPV4 (TRP vanilloid 4) and TRPM3 (TRP melastatin 3), as proteins mediating calcium entry in cells upon extracellular application of hypo-osmotic solutions [3, 4] . The first TRP channel, dTRP (Drosophila TRP), was identified as a central component of the fly phototransduction. Meantime, various TRP-homologous channel proteins have been found in other species. TRP channels form pores in the lipid bilayer of the plasma membrane, regulating ion fluxes across the membrane. Today, TRP channels comprise a superfamily of proteins subdivided into at least seven different subfamilies. High sequence similarity in the region of the pore-forming domains is the common feature of the classic (TRPC), melastatin-like (TRPM) and vanilloid-like (TRPV) subfamilies; functional properties and proposed topology are the common themes of all TRP channels [5] [6] [7] . Like dTRP, many TRP channels are involved in sensory processes such as temperature-, mechanoand osmolarity-sensation.
The cDNAs of two orphan proteins, named TRPV4 and TRPM3 according to sequence similarity and order of appearance, were cloned and characterized in heterologous expression systems. The proteins form non-selective cation channels mediating calcium entry upon extracellular application of hypo-osmolar solutions. The present review will summarize known data about the properties and the physiological roles of TRPM3 and TRPV4.
TRPM3 variants and functions
We initially cloned a TRPM3 variant coded by 1325 amino acids from mouse and later from human. Heterologously expressed in HEK-293 cells (human embryonic kidney cells), this TRPM3 variant forms a calcium-permeable pore in the plasma membrane mediating calcium entry [3] . The constitutive activity of expressed TRPM3 results in increased intracellular calcium concentrations when compared with control-transfected cells. TRPM3 pore is also permeable for manganese. Manganese-quenching experiments show that the activity can be blocked by lanthanum and gadolinium ions and by 2-APB (2-aminoethoxydiphenyl borate), whereas the TRP channel blocker SK&F-96365 is ineffective [8] . The spontaneous activity is reduced by the application of hypertonic solutions, whereas enhanced intracellular calcium concentrations were measured upon extracellular application of hypo-osmotic solutions. The expression of TRPM3 in kidney and the activation by hypo-osmoticity argue for the function of TRPM3 in renal osmo-homoeostasis.
We found at least three transcripts of different lengths in mouse brain Northern blot. Lee et al. [9] cloned six variants from human kidney, which vary in short deletions and insertions indistinguishable by Northern-blot analysis [3] . Furthermore, variability of TRPM3 transcripts is enhanced by the presence of two or probably three alternative start positions and two different C-terminal ends. In brain, TRPM3 is expressed in cerebellum, choroid plexus, locus coeruleus, the posterior hypothalamus and the substantia nigra [3, 9, 10] . Using RT (reverse transcriptase)-PCR, we detected lower TRPM3 levels in brain, ovary and pancreas.
The constitutive activity of TRPM3 was also characterized by Oberwinkler et al. [10] . They described TRPM3 as a channel protein of 1725 amino acids permeable for calcium and magnesium. Additionally, they described a great variety of TRPM3 splice variants and were able to confirm splice variations already identified by Lee et al. [9] . In addition, they characterized a variant with ten additional amino acids in the extracellular loop next to the putative sixth membranespanning segment [9, 10] . The presence of the additional amino acids results in a loss of ion permeability of the expressed TRPM3 protein (TRPM3 pore-variant). When expressed together with a TRPM3 variant showing constitutive activity, the permeability was diminished, arguing for a dominant-negative behaviour of the TRPM3 pore-variant. Detailed analysis in future will show whether the TRPM3 pore-variant is translated alone or together with other TRPM3 variants in a single cell. Translation of the TRPM3 pore-variant together with ion-permeable TRPM3 variants would allow cells to modulate cellular ion permeability at a translational level. On the other hand, it is possible that cells exclusively use an ion-impermeable TRPM3 variant as a scaffold protein integrated in macromolecular membrane complexes.
Lee et al. [9] characterized their TRPM3 variant to be activated by store-depletion protocols. They performed calcium depletion and re-addition experiments, therefore it is unclear whether the differences in activity of control-and TRPM3-transfected cells originate from activation of TRPM3 by store depletion or from spontaneous activity.
Several TRP channels have been described to be modulated by derivatives of fatty acids such as anandamide, arachidonic acid, EETs (epoxyeicosatrienoic acids) and others; therefore it was very surprising when we discovered that TRPM3 is activated by sphingosine, a long-chain, unsaturated amino alcohol [11] . In TRPM3-expressing HEK-293 cells, sphingosine and its precursor dihydrosphingosine induced TRPM3-mediated calcium entry and currents. Other structurally related sphingolipids, already described as ligands modulating cell functions such as ceramides and sphingosine 1-phosphate, were ineffective in activating TRPM3. The responses to sphingosine are restricted to TRPM3-expressing HEK-293 cells, whereas the application of sphingosine to HEK-293 cells expressing other TRP channels is ineffective in modulating intracellular calcium concentrations. The intracellular sphingosine concentration depends on de novo synthesis, degradation of sphingolipids by ceramidases, activity of sphingosine kinases and sphingosine-1-phosphatases and degradation of sphingosine by sphingosine lyases. At present, it is unclear under which conditions sphingosine accumulates intracellularly to trigger TRPM3 activity.
TRPV4: activation mechanisms and tissue expression
We cloned TRPV4 from mouse kidney and started characterization by analysing TRPV4-expressing HEK-293 cells. Depending on the amount of expressed protein, we recorded increased basal calcium concentration due to the large amount of active channels according to the Law of Mass Action. Sequence similarities of TRPV4 to the Caenorhabditis elegans protein OSM-9 led to experiments applying extracellular solutions of variable osmolarity. The reduction of the basal calcium concentration by the application of hyperosmolar solutions (330 mosmol/l) shows that TRPV4 is inhibited by the hyperosmolarity, whereas hypo-osmolar solutions (200-250 mosmol/l) activate TRPV4 [4, 12] . Application of hypoosmotic solutions to TRPV4-expressing HEK-293-cells was associated with cell swelling, causing mechanical stress of the membrane. However, distension of the membrane by application of pressure failed to activate TRPV4. TRPV4 is permeable for calcium and sodium with a permeability ratio P Ca /P Na = 6 and a conductance of 90 pS [13] . Activity is blocked by Ruthenium Red (10 µM) and gadolinium or lanthanum ions (100 µM) [13] .
Later, it was shown that TRPV4 activation is dependent on temperature. In a temperature range of 24-40
• C, heat activates and sensitizes TRPV4 to shear stress [14, 15] . As a polymodal sensor protein, TRPV4 mediates calcium entry by ligands such as 4α-stereomeric forms of phorbol esters and by arachidonic acid and anandamide [16, 17] . Experiments using inhibitors of the cytochrome P450 epoxygenase activity demonstrate that the activation of TRPV4 is not directly mediated by arachidonic acid and anandamide. TRPV4 is, rather, dependent on the arachidonic acid metabolite EET [17, 18] .
We cloned TRPV4 from kidney as a TRP channel mediating sensitivity to extracellular osmolarity. Using in situ hybridization, we were able to localize TRPV4 in the epithelial cells of the DCT (distal convoluted tubule) [19] . The renal localization of TRPV4 was modified later by results showing that TRPV4 is restricted to the epithelial cells of the water-impermeable part of the nephron, the ATL and TAL (thin and thick ascending limbs), the DCT and the connecting tubule [19] .
Lower levels of TRPV4 expression were found in many other tissues such as skin, trachea, liver, lung, blood vessels and the brain. On the cellular level, TRPV4 expression has been reported for keratinocytes, airway smooth-muscle cells, aortic myocytes, many epithelial cell types (epithelial cells lining the alveoli, submucosal gland and salivary gland), endothelial cells, neurons of the circumventricular organs [VOLT (vascular organ of the lamina terminalis), SFO (subfornical organ), MnPO (median preoptic nuclei) and choroid plexus], neurosensory cells, inner-ear hair cells, sensory neurons, Merkel cells and sympathetic and parasympathetic nerve fibres [12, [19] [20] [21] [22] [23] [24] [25] . TRPV4 is expressed in a great variety of cell types and turns out to be a polymodal sensory protein with diverse functional properties. The physiologically relevant function might depend on the specific cellular context and the association with regulatory proteins. Results from knockout mice revealed that TRPV4 is involved in sensing of osmotic, mechanical and heat stress (see below).
TRPV4: physiological role and cellular functions
Since our first description of TRPV4 activation by extracellularly applied hypo-osmotic solutions, a putative role of TRPV4 in cellular volume regulation is discussed. Techniques involving mice with genetically inactivated TRPV4 gene allowed us to address the question of the physiological role of TRPV4 in animals. In two independently generated mouse lines, knocking out the TRPV4 gene resulted in impairments of volume balance [26, 27] and nociception [28] [29] [30] and hearing disturbances [31] .
In addition to the genetic approaches, analysis of the channel's role in its endogenous cellular context increased our knowledge of TRPV4 functions. Volume regulation is connected to alterations in the cytoskeletal organization. In TRPV4-expressing cells, the MAP-7 (microtubule-associated protein 7) may link TRPV4 to the cytoskeleton [32] . MAP-7 interacts with TRPV4 in a region between the putative sixth membrane-spanning and the calcium/calmodulin-binding domains. Recombinant expression experiments with co-expression of MAP-7 and TRPV4 resulted in increased membrane localization and current density [32] .
Whereas the MAP-7 interaction modulates targeting of TRPV4 to the plasma membrane, retrieval back from the surface to the intracellular compartment of the Golgi network and the endoplasmic reticulum is assumed to be mediated by PACSs (phosphofurin acid cluster sorting proteins) [33] . By co-immunoprecipitation it has been shown that TRPV4 interacts with PACS-1. PACSs recognize acidic clusters in channel proteins and mediate retrieval of the proteins from the plasma membrane. Therefore it is likely that PACSs regulate plasma membrane localization of TRPV4 in a phosphorylation-dependent manner, as has been shown for the polycystin channel protein PKD2 (polycystic kidney disease 2) [TRPP2 (TRP polycystin 2)].
The thorough control of TRPV4 surface expression argues for a major impact of TRPV4 in cell physiology. In order to study the role of TRPV4, we chose an epithelial cell model as TRPV4 has mainly been detected in cells of epithelial origin. Epithelial cells form polarized cell layers with two different membrane compartments. They are characterized by their ability to restrict the diffusion of substances and ions across the cell layer. We found that the activation of TRPV4 dramatically changes the transepithelial electrical resistance [34] . Detailed analysis showed that the modulation of epithelial permeability by TRPV4 activation is complex and is mediated by changes in transcellular and paracellular epithelial permeability in a timely regulated manner. Immediately after the activation of TRPV4, the change in epithelial permeability is demonstrated by increases in transcellular ion fluxes. The activation of the basolaterally localized TRPV4 enhances the intracellular calcium concentration thereby triggering large-conductance Ca 2+ -activated K + channels in the apical membrane. The increases in epithelial permeability initially carried out by a transcellular pathway are gradually replaced by paracellular mechanisms. Flux measurements of small compounds show an increase in transportation rate that is associated with changes in the ultrastructure and composition of the tight junction complex on the molecular level.
The participation of TRPV4 in cellular volume regulation is also supported by two recent reports showing a functional interaction between TRPV4 and aquaporin-5 [35, 36] . Whereas the acute application of extracellular hypo-osmotic solutions increases the membrane localization of TRPV4 and aquaporin-5, chronic application resulted in a decreased aquaporin-5 expression.
A synthesis of the current data on TRPV4 function in epithelia is schematically given in Figure 1 . Based on the temporal resolution of the events, the cellular responses upon hypo-osmotic stimulation can be distinguished between immediate and delayed responses of TRPV4 activation. Immediately after activation, the calcium entry mediated by TRPV4 induces a transcellular ion flux accompanied by a water flux mediated by aquaporin-5 on the apical membrane. Currently, it is unclear whether the increased membrane localization of aquaporin-5 is a passive effect due to increased ion fluxes or is also triggered by TRPV4 activation ( Figure 1A) . The enhanced fluxes of ions and water allow the cells immediately to compensate for the osmolar stress. As long-term adaptation, epithelial cells reduce transepithelial permeability by reorganization of the tight junction complexes. Tight junctions reorganized by the adaptation processes permit increased paracellular fluxes thereby reducing chronic osmolar stress ( Figure 1B) , while the unnecessary proteins (claudin, aquaporin and probably other proteins) are degraded by TRPV4-mediated, calcium-dependent processes.
Conclusion
Versatile cellular responses have been described upon the extracellular application of hypo-osmotic solutions. Now, we are beginning to unravel the network allowing the cell to respond to hypo-osmotic stress. The characterization of the cellular function of TRPV4 and TRPM3 as putative molecular osmosensors will allow the identification of the links between particular cellular responses to facilitate our understanding of how cells deal with hypo-osmotic stress. Whereas the molecular understanding of cellular response upon hypo-osmotic activation has been accelerated since characterization of TRPV4 and TRPM3, the sensor proteins responsible for transducing extracellular hypertonic solutions are still unknown.
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